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INTRODUCTION 
In recent years there has been a significant amount of 
work on developing thermal wave systems to nondestructively 
detect and image features in materials [1-4]. The ultimate 
goal is, of course, to have a system that is also quantita-
tive, providing information about the shape, extent and com-
position of the features. In order to accomplish this goal 
it is first necessary to develop an understanding of how 
thermal waves interact with features, that is, how thermal 
waves are scattered. Some work has been done, for example, 
the Born approximation has been applied to scattering from 
isolated cracks [5], but as with all scattering problems one 
really needs to treat the problem in some fashion that can, 
at least numerically, be shown to be exact. In this talk, 
we describe a numerical method for thermal wave scattering 
and demonstrate its convergence properties for some simple 
scatterers. 
THERMAL WAVE NDE 
Before discussing the theory, we should first briefly 
review the experimental aspects of thermal wave NDE which 
have prompted this theoretical study. In any quantitative 
NDE methodology it is essential to be able to make accurate 
and repeatable measurements with high spatial resolution in 
a noncontact and nondamaging manner. Most thermal wave sys-
tems that employ low energy electron or laser beams for the 
generation of the thermal waves have the potential for mak-
ing quantitative measurements. The laser has the advantage 
of not requiring a vacuum and the ability, therefore, to 
operate in an open environment. By employing a second laser 
beam for detection, it is further possible to achieve spa-
tial resolutions that are limited only by the diffraction 
limited spot sizes of the two beams. By carefully control-
ling the relative positions, focusing, and intensities of 
the laser beams, thermal wave measurements to better than a 
percent are possible. In a recent application, it has in 
fact been demonstrated that accurate and repeatable 
295 
measurements of the ion-implant dose in semiconductors are 
possible [6,7] using a detection scheme based on the thermal 
wave-induced modulation of optical reflectance [8]. How-
ever, when thermal wave scattering occurs, as from a local-
ized inhomogeneity in the area under investigation, there is 
presently no reliable way to interpret the measurement ex-
cept in a qualitative sense. The need therefore exists to 
understand more completely the interactions of thermal waves 
with thermal features. 
THEORY 
For the sake of simplicity, we consider the problem of a 
void imbedded in a homogeneous infinite medium. of thermal 
conductivity K, density p, and specific heat C. Assuming a 
sinusoidal time dependence, exp(-iwt), the temperature T 
satisfies the thermal wave equation, 
0 (1) 
where q is the thermal wave vector 
q (l+i)/wpC/2K (l+i) /].1 ( 2) 
and J.l is the thermal diffusion length. The specification of 
the problem is completed by requiring that the normal compo-
nent of the heat flux vanish everywhere on the surface of 
the void. That is, 
n • v T 0 ( 3) 
where n denotes the unit vector normal to the surface of the 
void. Comparing this with the elastic wave problem one can 
see that thermal wave scattering from a void is a scalar 
version of elastic wave scattering from a rigid obstacle in 
a critically damped medium. Following Visscher's approach 
[9] (for the elastic case) we first expand the temperature 
field in some complete set of basis functions. For 3-
dimensional scatterers, the outgoing solutions in spherical 
coordinates are suitable, 
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and we have, 
T To + L an Tn £m ~vm ~vm 
(4) 
( 5) 
In the case that the incident wave is a plane wave along the 
direction of the z-axis, we use the expansion 
(6) 
The series expansions for the incident and scattered fields 
must in practice be truncated at some finite number of terms 
which leads to an error in satisfying the boundary condi-
tions. In the approach taken by Visscher, the method of op-
timal truncation (MOOT), the optimal solution is obtained 
through a least squares minimization of the boundary condi-
tion error. Performing the minimization for the problem 
under consideration results in the set of linear equations, 
0 (7) 
where the inner product is defined as 
( f ' g ) = f d s f'~ g ( 8) 
The convergence of the method is shown by considering the 
normalized boundary residual, 
(9) 
Other quantities as used in far-field scattering problems, 
the total cross-section and the forward scattered amplitude, 
are inappropriate when the fields are critically damped as 
in the present case. 
DISCUSSION 
For the case of thermal wave scattering from a spherical 
void the formulation presented above in terms of spherical 
wave functions is formally exact. That is, the boundary 
conditions are satisfied by each partial wave in the expan-
sion. The numerical results are at least partially vali-
dated in that they exhibit this same property. Of interest 
are nonspherical scatterers and the simplest of these are 
the spheroids. Here we will show the convergence properties 
of the scattering from oblate spheroids ranging from aspect 
ratios b/a = 0.9 down to b/a = 0. The latter corresponds to 
the mathematical circular crack of zero thickness. 
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Fig. 1 Convergence of MOOT in terms of the normalized 
boun dary residual I / I 0 for ob lat e spheroids. 
In Fig. 1 are shown the normalized boundary residuals 
for aspect ratios b / a = 0.9, 0.7 and 0.5. Obviously, the 
convergence is deteriorating as the scatterer becomes more 
oblate. This is due to the fact that our expansion used to 
represent the scattered field is not adequate for geometries 
that are far from spherical. Recalling some earlier experi-
ences in elastic wave scattering problems [10-1 2] , we can 
alleviate this difficulty by augmenting MOOT in the follow-
ing way. We surround the scatterer with a fictitious 
sphere, and expand the scattered field outside this sphere 
in terms of the outgoing h ankel fu n c tions as in Eq . (4). In 
the volume between the scatte r er and the sphere we use a 
different set of basis functions; for the oblate spheroids 
the regular bessel functions are sufficient. Although th ere 
are now more terms in t he series, there are also more bound-
ary conditions to satisfy. I n addition to the conditions on 
the surface of the scatterer, we have that the temperature 
and radial component of the temperature gradient are contin-
uous on the surface of the sphere. Details o f this augment-
ation for the elastic wave scattering problem are given in 
Ref. [12]. 
Using this augmented v er sion of MOOT we show in Fig. 2 
the convergence for oblate spheroids ranging from b/a = 0 .7 
down to the circular crac k. We note t hat t h e co nv erge nc e is 
quite good i n all cases. Also it should be pointed out that 
the scattered temperature fields for the b/a = 0.7 spheroids 
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obtained using the augmented MOOT are in agreement with 
those obtained using the unaugmented MOOT. 
Since thermal wave scattering is limited to the near 
field, one obvious question is what to do with the results. 
That is a question that ~e haven't quite resolved yet. Cer-
tainly it is interesting to look at the fields in the vicin-
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Conver ge nce of augmented MOOT in term s o f the nor-
mali zed boundary residual I/~ for oblate spheroids. 
Note that the b/a = 0.7 curve implies essentially 
the same convergence as the corresponding curve of 
Fig. 1. 
ity of the scatterer . In Fig. 3 are shown the constant 
temp erature contours in the plane of the equator of a spher-
ical scatterer. As expected, they intersect t he sphere at 
right angles indicating that the boundary conditions 
are being satisfied. Also we note that the scattering be-
comes neglig ibl e when one gets much beyond a thermal dif-
fusion length away fro m the surface. 
CONCLUSION 
In this preliminary investigation of thermal wave scat-
terin g it has been demonstrated t hat the problem can be 
solved numer ically using the method MOOT which ha s previous-
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Fig, 3 Thermal wave scattering from a spherical void. 
Shown are the constant temperature contours for the 
total field, incident plus scattered. 
ly been used to solve similar but much more difficult elas-
tic wave scattering problems. One of the first applications 
planned for this method of solution will be to examine the 
validity of the Born approximation, that being one of the 
simplest approximations one can make and therefore one of 
the more desirable ways to analyze thermal wave interac-
tions. Ultimately, we intend to use thermal wave scattering 
as a means of resolving to what extent thermal wave interac-
tions determine the resolution and contrast observed in 
thermal wave microscopes. 
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DISCUSSION 
Chairman Bahr: Are there any comments or questions? 
Mr. Jan Van Den Andel (McMaster University): Did you mention how far below 
the surface you can expect to pick up the defect? And what size (of 
defect)? 
Mr. Opsal: About as far below as you can go is about a thermal diffusion 
length. If you are working at a megahertz in silicon, you would 
expect to go about 5 microns. If your detection is really good, you 
can probably go to 10 microns, but certainly not more. And as you 
increase the frequency the thermal diffusion length increases so the 
depth that you can go to gets smaller and smaller. 
Mr. Van Den Andel: Is it the same for chips and things like that? 
Mr. Opsal: Yes. Our whole emphasis is integrated circuits and product 
wafers. 
Mr. Van Den Andel: Thank you. 
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